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Abstract  18 
 19 
There is a growing body of research communicating how angler behaviour can be 20 
adjusted and optimised to reduce fish injury and impairment resulting from the 21 
capture of recreationally angled fishes. However, few studies have focused on how 22 
individual and interacting abiotic variables influence the outcomes of catch and 23 
release (C&R) angling. A population of European grayling Thymallus thymallus at 24 
their upper thermal limit of their geographic distribution provided a model cold-water 25 
species that was representative of other fishes sensitive to climate warming impacts 26 
and that are subjected to C&R across different seasons. Here, C&R angling for T. 27 
thymallus was conducted during summer (>15 oC) and winter (<10 oC), with 97 fish 28 
captured (220 - 490 mm). Measurement of tertiary stress responses (reflex 29 
impairment, as time to body equilibrium, an important predictor of post-release 30 
mortality) revealed that at >15 oC, fish took significantly longer to regain equilibrium 31 
(178 ± 44 s) than at <10 oC (70 ± 40 s). Multivariate testing revealed air exposure had 32 
a stronger effect on reflex impairment than fight time. Testing of post-capture, pre-33 
release blood chemistry on sub-samples of captured fish revealed fish had 34 
significantly elevated levels of both glucose and lactate at >15 oC versus <10 oC, In 35 
entirety, these results suggest that stress responses and post-release mortality risk in 36 
cold-water fishes subjected to C&R could be reduced via temperature-informed 37 
fishery management practises, and by minimising, or ideally eliminating, air 38 
exposure.  39 
1. Introduction 40 
 41 
Global participation in recreational fisheries (the practice of catching fish with rod 42 
and line for non-commercial gain) has been estimated at C.700 million (Cooke and 43 
Cowx, 2004). The activity represents the primary use of wild freshwater fish stocks in 44 
all industrialised countries (Arlinghaus et al., 2017; FAO, 2012). With participatory 45 
growth also now evident in many developing countries (FAO, 2012; Freire et al., 46 
2012), the sustainability of this global fishery resource is highly dependent on how 47 
resilient individual species and their populations are to angling exploitation. 48 
Accordingly, catch-and-release (C&R) angling is being increasingly implemented as a 49 
management strategy to promote conservation goals.  50 
 51 
Estimates suggest that more than 60 % of the global recreational catch of 47 billion 52 
fish per annum are purposely released alive following capture (Cooke and Cowx, 53 
2004). The C&R process is based on the assumption that a high proportion of released 54 
fish not only survive, but are also not compromised regarding their future health 55 
(Post-Release Mortality, PRM) (Bartholomew and Bohnsack, 2005; Cooke et al., 56 
2013; Cook et al., 2015; Pollock and Pine, 2007) or their reproductive potential 57 
(Pinder et al., 2016; Richard et al., 2013). In recent years, there has been considerable 58 
attention directed towards understanding the stress response and subsequent survival 59 
and performance of a broad range of C&R angled marine, freshwater and transitional 60 
sport fishes (e.g. bonefish (Albula vulpes) Danylchuk et al., 2007; Atlantic cod 61 
(Gadus morhua) Weltersbach and Strehlow, 2013; peackock bass (Chichla ocellaris) 62 
Bower et al., 2016a; mahseer (Tor khudree), Bower et al., 2016b; Atlantic salmon 63 
(Salmo salar) Lennox et al., 2017). There has been specific emphasis on the effects of 64 
angling on disruptions to baseline blood chemistry as a secondary (physiological) 65 
stress response (Cooke et al., 2013), and the application of simple reflex action 66 
impairment indicators as a tertiary (whole body) stress response (Davis and Ottmar, 67 
2006; Davis, 2007, 2010). In combination, these secondary and tertiary stress 68 
responses provide rapid assessment of individual vitality and relative PRM risk of the 69 
C&R process (Cooke et al., 2013).  70 
 71 
In general, studies using rapid assessment tools have demonstrated that individual 72 
species, and even populations (Cooke and Suski, 2005), exhibit different 73 
vulnerabilities and tolerances to the various mechanics of C&R (e.g. fight time, hook 74 
damage, air exposure, etc.). However, the additive and interacting impacts of these 75 
C&R mechanics with abiotic factors (e.g. water temperature) have received relatively 76 
little attention (Arlinghaus et al., 2007).  In particular, there is a paucity of sufficiently 77 
robust field data pertaining to temperature impacts on the recovery of individual fish 78 
from C&R that could be used to inform fishery management best practice (Gale et al., 79 
2013). Consequently, the aim of this study was to apply secondary and tertiary stress 80 
response principles to quantify how natural seasonal variations in water temperature 81 
affect C&R impacts.  82 
 83 
The fish species used in the study was a temperature sensitive species, the cold-water 84 
European grayling (Thymallus thymallus), using a population at the edge of its upper 85 
thermal range (Southern England) (Bašić et al., 2018). Observations from the current 86 
study, therefore, may have implications for other species that either currently 87 
experience periods of thermal stress (e.g. Salmo salar, Corey et al., 2017) or will do 88 
so in future due to climate change (Ruiz-Navarro et al., 2016). Objectives were, thus, 89 
to examine the influence of seasonal water temperatures on reflex impairment and 90 
blood chemistry disruption as indicators of C&R stress and PRM, complement 91 
previous observations of behavioural and physiological response to C&R associated 92 
stressors for T. thymallus (e.g. air exposure cf. Lennox et al., 2016), and identify best 93 
practice to assist both conservation based fishery management decisions and angler 94 
behaviour. 95 
 96 
2.  Methods 97 
 98 
2.1 Study population and sampling methodology 99 
The study river was the River Frome, a chalk stream in Dorset, Southern England. 100 
The stretch used was at East Stoke (N: 50o40’49”, W: 2o11’ 37” to N: 50o40’45”, W: 101 
2o10’38”). Here, the river widths were approximately 10 to 12 m and maximum depth 102 
was 1.5 m. Within the stretch, the long-term mean daily flow was 6.67 m3s-1 (Q95 2.51 103 
m3s-1; Q10 12.69 m3s-1) (CEH, 2018). In addition to T. thymallus, the fish assemblage 104 
in this river included Atlantic salmon Salmo salar, brown trout Salmo trutta, dace 105 
Leuciscus leuciscus and Northern pike Esox lucius, the last of these species being 106 
abundant and an important predator of T. thymallus. 107 
 108 
To represent typical angler behaviours, angling was undertaken by a team consisting 109 
of the authors and a further five anglers of mixed experience accompanied by one of 110 
the authors. Data were collected between June and December 2016 and covered two 111 
primary periods of water temperature. The first angling period was conducted when 112 
water temperatures were between 15 and 20.9 oC (hereafter referred to as >15 oC) and 113 
the second when the water temperatures were between 5 and 10 oC (hereafter referred 114 
to as <10 oC). A continuous record of water temperature was recorded at 30 minute 115 
intervals throughout 2016 using a TinyTag data logger (measuring to 0.01 oC) in the 116 
main river channel. On each angling occasion, water temperatures were measured 117 
using a combination of a TinyTag logger within the water column coupled with hand-118 
held thermometers that recorded water temperatures in the river margins following the 119 
capture of each individual fish. On each angling occasion, the angling style employed 120 
was either float-fished or bottom-fished (legered) maggots (Calliphora vomitoria), 121 
with hook choice (size 18 micro-barbed) and line strength (1.4 kg breaking strain) 122 
appropriate for the methods employed, i.e. the time taken to play fish to near 123 
exhaustion (the point they could be safely landed and unhooked) would be 124 
representative of normal angling activity.  125 
  126 
2.2 Sampling protocol  127 
The sampling protocol for each individual fish commenced when the angler initially 128 
hooked the fish. Using a neck-lanyard mounted stopwatch, individual anglers (or 129 
assisting observers’) recorded two time related angling metrics for each individual 130 
fish. The first was the time between hooking and the fish being removed from the 131 
water, referred to as ‘fight time’ (to nearest s). The second was the time between the 132 
removal of the fish from the water and its return, referred to as ‘air exposure time’ (to 133 
nearest s). Air exposure included the unhooking period of the fish. As per Bower et al. 134 
(2016a), the anatomical hook position (HP) was recorded using a simple scoring 135 
system (1: hooked in lip; 2: inside buccal cavity; 3: oesophagus). Scores were also 136 
applied to hook damage (HD) and ease of unhooking (EU). For hook damage, the 137 
scoring was 1: minor injury (a small tissue tear < 3 mm in length, including any 138 
visible tissue tear or abrasion resulting from hooking); 2: moderate injury such as the 139 
presence of bleeding, bruising or a tissue tear > 3 mm in length; and 3: major injury 140 
that occurred from the hook position, including ocular or gill damage with significant 141 
pulsatile bleeding that resulted from the fish being hooked in the oesophagus. For 142 
ease of unhooking, the scoring was 1: a hook that was removed easily and in less than 143 
10 s; 2: a hook requiring between 10 and 20 s for removal; and 3: a hook requiring > 144 
20 s to remove or requiring the line to be cut and the hook left in situ (Cooke et al., 145 
2001). The period of air exposure also included the time taken to measure each 146 
individual fish (fork length, nearest 0.1 cm). 147 
 148 
When individual fish were returned to the water, they were observed within the 149 
landing net (minimum surface area 0.25 m2, minimum depth 0.3 m). Following initial 150 
trials, the inhibition of reflex behaviours was not measured using the full suite of 151 
reflex action mortality predictors of ‘RAMP’ (‘Equilibrium’, ‘Tail grab’, ‘Body flex’ 152 
and ‘Head complex’) (Davis, 2010). This was for two reasons. Firstly, access to the 153 
water from the riparian zone was often limited and whilst fish could be easily 154 
observed in the landing net, they could not always be monitored for all RAMP 155 
responses. Secondly, where RAMP responses were able to be recorded, failures 156 
always included ‘Equilibrium’, the response that measures whether the fish is able to 157 
right itself within three seconds after being placed upside-down in water, and all 158 
passed ‘Head complex’, where the fish exhibits steady operculum beats during 159 
handling (Davis, 2010). Thus, throughout the study, ‘Equilibrium’ was the sole 160 
RAMP response recorded. Rather than using Equilibrium as a pass (reflex present) 161 
and fail (reflex absent) metric, the time taken to regain equilibrium was recorded. This 162 
was based on the assumption that an increased time to regain equilibrium represented 163 
greater impairment to the fish from the C&R process. Once equilibrium was regained, 164 
the fish was released.   165 
 166 
Blood samples were also obtained for a minimum sub-set of 15 captured fish per 167 
water temperature group. However, for welfare reasons, blood was only sampled from 168 
fish for which the total time of air exposure plus the time to regain equilibrium was 169 
≤10 minutes. Fish for which this time was >10 minutes were released once they 170 
regained equilibrium. For those fish that were appropriate for blood sampling, after 171 
the 10 minute period had elapsed, the fish was removed from the landing net and 172 
anaesthetised (MS-222). Approximately 1 ml of blood was then drawn from the 173 
caudal vasculature (Barton, 2002) using a 22G needle and 5.0 ml collection tube and 174 
analysed immediately for its lactate and glucose concentrations using pre-calibrated 175 
portable point-of-care (PoC) devices. As per Pinder et al. (2016), lactate concentration 176 
was determined using a Nova Lactate Plus Meter (Nova Biomedical, Massachusetts, 177 
USA) that had a detection range of 0.3 to 25.0 mmol/L; its accuracy had been pre-178 
demonstrated to be consistent with other PoC devices and plasma-based laboratory 179 
methods (Karon et al., 2007). Similarly, glucose concentration was determined using 180 
a SD CodeFreeTM Blood Glucose Monitoring System (SD Biosensor, Inc, GyeongGi-181 
do, Korea) with a detection range of 0.6 to 33.3 mmol/L. Although designed for 182 
human use, the PoC devices used to measure glucose and lactate have been previously 183 
shown to produce valid and accurate data in fisheries studies (Stoot et al., 2014).  184 
Immediately following blood collection, fish were returned to the landing net in the 185 
river margin for recovery. Once equilibrium was regained the fish were released.  186 
 187 
All procedures completed on the fish were approved by the Animal Welfare and 188 
Ethical Review Committee of Bournemouth University and licenced by the UK Home 189 
Office (project licence 70/8063). 190 
 191 
2.3 Statistical analyses 192 
Initial analyses used linear regression to determine the significance of relationships 193 
between fish length and the angling variables of fight time and air exposure. A 194 
general linear model then tested differences in these variables between the two 195 
temperature groups, where fight time or air exposure was the dependent variable, 196 
temperature group was the independent variable and fish length was the covariate. 197 
Outputs were mean fight time and mean air exposure for each temperature group as 198 
estimated marginal means, and the significance of their differences according to 199 
linearly independent pairwise comparisons with Bonferroni adjustment for multiple 200 
comparisons.  Testing of the proportions of captured fish in the different categories of 201 
ease of unhooking (EU), hook position (HP) and hook damage (HD) used a chi-202 
square test of independence. The expected distribution was a 50:50 split between fish 203 
easy to unhook with no damage (scores of 1) and fish more difficult to unhook with 204 
some damage (score of 2 and above).  Scores of ease of unhooking were then used as 205 
groups in a generalised linear model to test their effects on air exposure, where fight 206 
time, fish length and water temperature were covariates. Model outputs were the 207 
significance of ease of unhooking on air exposure and the significance of the effects 208 
of each covariate.  209 
 210 
The time taken for fish to regain ‘Equilibrium’ was then tested between the two 211 
temperature groups using a general linear model, where time was the dependent 212 
variable, temperature group was the independent variable, and fight time, air exposure 213 
and fish length were covariates.  Outputs were the mean time to equilibrium for each 214 
temperature group as estimated marginal means, and the significance of their 215 
differences according to linearly independent pairwise comparisons with Bonferroni 216 
adjustment for multiple comparisons.  The same tests were then used to test 217 
differences between the temperature groups for blood lactate and glucose 218 
concentrations.   219 
 220 
Throughout all analyses, compliance of data with assumptions of homogeneity of 221 
variance and normality of distribution were tested using Levene and Shapiro–Wilk 222 
tests on each variable prior to analysis. Where assumptions were met, testing used 223 
general linear models as described above. Only where they were not met were the 224 
data tested using the non-parametric tests outlined.  All data are presented as mean ± 225 
95 % confidence intervals unless stated. All research procedures were conducted 226 
under licence as granted by the UK Home Office. 227 
 228 
3. Results 229 
 230 
3.1 Ambient temperature regime 231 
Throughout 2016 water temperature at the study site ranged between 6.2 and 20.8 oC 232 
(Fig. 1), with the lower temperature group (< 10 oC) being typical of the winter season 233 
(October to April) and the higher temperature group (> 15 oC) representative of the 234 
summer months (June – September). Excluding the coarse fishing closed season (15 235 
March – 15 June inclusive) for T. thymallus in England and Wales, totals of 123 and 236 
93 days fell within the lower (< 10 oC) and upper (> 15 oC) temperature groups 237 
respectively. 238 
3.2 Angling related metrics 239 
Over the course of the study a total of 97 T. thymallus were captured and released, 240 
with 52 at <10 oC and 45 >15 oC. Mean fish length at >15 oC was 314 ± 19 mm and at 241 
<10 oC was 323 ± 21 mm. In both temperature groups, fight time significantly 242 
increased as fish length increased (<10 oC: R2 = 0.53, F1,50 = 56.85, P < 0.01; >15 oC: 243 
R2 = 0.57, F1,43 = 57.87, P < 0.01; Fig. 2a). The GLM testing fight times between the 244 
temperatures was significant (F1,94 = 6.60, P < 0.01), where the effect of fish length as 245 
covariate was significant in the model (P < 0.01). The model revealed mean fight 246 
times (adjusted for fish length) were significantly longer in the higher temperature 247 
group (<10 oC: 69 ± 12 s; >15 oC: 91 ± 11 s; P < 0.01). Air exposure also increased 248 
significantly as fish length increased (<10 oC: R2 = 0.30, F1,50 = 21.35, P < 0.01; >15 249 
oC: R2 = 0.29, F1,43 = 17.43, P < 0.01; Fig. 2b). However, differences in mean air 250 
exposure between the temperature groups were not significant (<10 oC: 48 ± 9 s; >15 251 
oC: 55 ± 10 s; F1,94 = 1.25, P = 0.27).  252 
 253 
For ease of unhooking (EU), hook damage (HD) and hook position (HP), a minimum 254 
of 86 % of captured fish in each temperature group were scored at either 1 or 2 (Table 255 
1).  256 
 257 
  258 
Table 1. Proportions of fish per score for ‘ease of unhooking’ (EU), ‘hook damage’ 259 
(HD) and ‘hook position’ (HP) in each water temperature group. For HP, any fish that 260 
were foul hooked were omitted from the numbers. 261 
 Score 
< 10 °C 
Metric N 1 2 3 
EU 52 79 17 4 
HD 52 81 17 2 
HP 51 82 4 14 
> 15 °C 
Metric N 1 2 3 
EU 45 60 29 11 
HD 45 80 13 7 
HP 44 75 11 14 
 262 
Irrespective of temperature, there were significantly higher proportions of fish scored 263 
at 1 than at 2 and 3 for each of these metrics (EU: χ2 = 15.68; P < 0.01; HD: χ2 = 264 
34.33; P < 0.01; HP: χ2 = 27.29; P < 0.01) (Table 1). Fish that were difficult to 265 
unhook either had scores indicating higher hook damage and hook positions in the 266 
buccal cavity or oesophagus, or unhooking was complicated due to the hook having 267 
been dislodged but passing through and threading line through the lip and becoming 268 
embedded within the net material (cf. discussion). Moreover, a GLM revealed fish 269 
that were more difficult to unhook had increased air exposure (Wald χ2 = 5.03 P = 270 
0.03), where covariates of fight time, fish length and temperature were not significant 271 
(P = 0.43, 0.94 and 0.71 respectively). Thus, as these hooking related metrics were all 272 
related to each other and significantly influenced the duration of air exposure, then 273 
only air exposure was used subsequently in tests on body equilibrium and blood 274 
chemistry.  275 
 276 
 277 
3.3 Time to body equilibrium 278 
All of the fish captured by angling during the study subsequently regained body 279 
equilibrium and were successfully released. Across all temperatures, the mean time to 280 
equilibrium was 120 ± 37 s. In the fish captured at water temperatures >15 oC, the 281 
time to equilibrium ranged between 0 and 1440 s (mean 187 ± 70 s), whilst at <10 oC, 282 
they ranged between 0 and 300 s (mean: 62 ± 25 s). The univariate relationships 283 
between time to body equilibrium versus fight time and air exposure were all 284 
significant (fight time, >15 oC: R2 = 0.26, F1,43 = 15.29, P < 0.01; fight time <10  oC: 285 
R2 = 0.37, F1,50 = 7.91, P < 0.01; air exposure >15 oC: R2 = 0.27, F1,43 = 15.90, P < 286 
0.01; air exposure <10  oC: R2 = 0.43, F1,50 = 38.18, P < 0.01) (Fig. 3).  287 
 288 
In the multivariate testing of the effect of the water temperature groups on the time to 289 
body equilibrium, the GLM was significant overall (F1,92 = 12.27; P < 0.01). In the 290 
GLM, air exposure was a significant covariate (P < 0.01), but fish length (P = 0.54) 291 
and fight time (P = 0.09) were not. The model revealed that the mean time to 292 
equilibrium (when adjusted for the effects of all covariates) was significantly higher 293 
at >15oC (178 ± 44 s) than < 10 oC (70 ± 40 s) (P < 0.01; Fig. 4a). 294 
 295 
3.4 Blood chemistry 296 
The GLM testing the effect of water temperature on blood lactate concentration was 297 
significant (F1,30 = 7.21; P = 0.01). In this model, none of the covariates had 298 
significant effects on lactate concentration (fight time: P = 0.65; air exposure P = 299 
0.57; fish length: P = 0.60).  At <10 oC, mean lactate concentration was 4.96 ± 0.59 300 
mmol l-1 versus 6.18 ± 0.69 at >15 oC, with this difference significant (P = 0.01; Fig. 301 
4b).  For blood glucose concentration, the GLM was also significant F1,30 = 9.74; P < 302 
0.01); the effect of fight time was a significant covariate in the model (P = 0.01), 303 
whereas air exposure and fish length were not significant covariates (P = 0.99 and P = 304 
0.06 respectively). At < 10 oC, mean glucose concentration was 4.15 ± 0.44 mmol l-1 305 
versus 5.22 ± 0.52 at > 15 oC, with this difference significant (P < 0.01; Fig. 4c). 306 
 307 
4. Discussion 308 
 309 
There has been general acknowledgement that water temperature at the time of 310 
capture represents a pertinent abiotic factor in determining the post-release 311 
performance of C&R angled fishes (Arlinghaus et al., 2007; Cooke et al., 2013; Gale 312 
et al., 2013). However specific attention to cold-water fishes has, to date, been largely 313 
restricted to examining the effects of extreme high temperatures on Atlantic salmon 314 
Salmo salar (e.g. Boyd et al., 2010; Havn et al., 2015; Lennox et al., 2017; Wilkie et 315 
al., 1997). Using T. thymallus as a representative species for cold-water fishes more 316 
generally, this study demonstrates that natural variations in seasonal temperatures can  317 
have substantial influences on the secondary and tertiary stress responses of fish 318 
subjected to C&R angling.  319 
 320 
Temperature effects were evident from the onset of the angling event, as fish captured 321 
in the higher temperature group (> 15 oC) maintained longer fight times and were thus 322 
subject to significantly greater exercise. Despite playing all fish to near exhaustion, 323 
fish in the higher temperature group were generally observed to be more problematic 324 
to handle and unhook due to exhibiting powerful body flexing in the landing net 325 
(Personal observations, the authors). There were also often cases where lip hooked 326 
fish had the point of the hook snagging the mesh of the landing net. This caused the 327 
line to thread through the lip, resulting in delayed unhooking. In addition to 328 
contributing to increased air exposure, this may have also caused additive 329 
physiological stress through increased handling and mechanical abrasion, coupled 330 
with epithelial damage. This represents a potentially important additive stressor that 331 
was also highlighted in a C&R study completed in a Norwegian T. thymallus fishery 332 
at water temperatures of 17 to 18  oC (Lennox et al., 2016) and also elevating risk of 333 
fungal, bacterial or viral infection, and PRM (Colotelo and Cooke, 2011; 334 
Brownscombe et al., 2017). 335 
 336 
Independent in design but consistent with the methods applied to examine the effect 337 
of air exposure on T. thymallus (Lennox et al., 2016), the standard suite of RAMP 338 
tests (Davis, 2010) was simplified here to a single test of ‘Equilibrium’. Other species 339 
of recreationally targeted fishes which have been subject to full RAMP assessment 340 
(e.g. tail grab, body flex, head complex and equilibrium) have typically applied a 341 
three second threshold to define pass or failure of the equilibrium test (e.g. coho 342 
salmon Oncorhynchus kisutch Raby et al., 2012; peacock bass Cichla ocellaris Bower 343 
et al, 2016a; mahseer Tor sp., Bower et al, 2016b; black bream Spondyliosoma 344 
cantharus, Pinder et al., 2016). In comparison, T. thymallus has been shown to exhibit 345 
substantially increased sensitivity to C&R angling through extended durations 346 
required to recover equilibrium in the present study overall (mean 120 ± 37 s), with 347 
Lennox et al (2016) reporting incomplete recovery in some individuals 30 minutes 348 
after being subjected to 120 s air exposure treatment). Thus, the significantly longer 349 
recovery times observed in the higher temperature group (>15 oC) corresponds with 350 
the results of previous studies (Barton, 2002; Wendelaar Bonga, 1997). They are also 351 
consistent with results from a meta-analysis of the impacts of temperature on C&R 352 
angling more generally, which indicated that sub-lethal stress and/ or mortality 353 
increased with temperature in 70 % of existing studies (Gale et al., 2013).  354 
 355 
Glucose and lactate concentrations in blood have been widely used as a rapid 356 
qualification of normal physiological disruption in C&R angled fishes (e.g. Barton, 357 
2002; Bower et al., 2016a,b; Pinder et al., 2016). However, it is apparent that 358 
throughout the C&R literature, there is an issue around the timing of blood sampling. 359 
This is potentially important, given that the manifestation of blood chemistry 360 
alteration may differ between species and abiotic conditions. This lack of 361 
standardisation in the time between fish captures and blood sample collection thus 362 
makes inter-species comparisons difficult. Typically, the timing of blood sampling 363 
has been either from the end of timed air exposure treatments (e.g. Bower et al., 364 
2016b; Lennox et al., 2016) or immediately following reflex impairment tests (e.g. 365 
Bower et al., 2016b; Pinder et al., 2016). In considering the limitations of available 366 
tools and their utility in C&R studies, Cooke et al. (2013) concluded there is no 367 
optimal protocol for blood sampling in the field and, instead, recommended that 368 
studies should focus on the comparison of treatment groups as opposed to placing 369 
inappropriate confidence in absolute values. Consequently, the approach applied here 370 
was to standardise the sampling time to 10 minutes from the onset of the stressor (i.e. 371 
the fish being hooked). This then allowed for blood chemistry sampling using a 372 
standard protocol within the study that allowed consistent testing for differences 373 
between the two water temperature groups. Although designed for human use, the 374 
PoC devices used to measure glucose and lactate have been previously shown to 375 
produce valid and accurate data in fisheries studies (Stoot et al., 2014).  376 
 377 
Temperature was not found to influence hooking mechanics, with 14 % of fish in each 378 
temperature group being ‘deep hooked’ and, in most cases, requiring the line to be cut 379 
leaving the small (#18 micro-barbed) hooks in-situ. Damage caused by deep hooking 380 
has been described as the most important factor affecting PRM (Alos et al., 2008; 381 
Bartholomew and Bohnsack, 2005; Muoneke and Childress, 1994). The use of small 382 
hooks and live invertebrate baits typically result in higher incidence of deep hooking 383 
over artificial baits (lures) and flies (cf. Brownscombe et al., 2017). While T. 384 
thymallus is popularly targeted using fly-fishing, this tends not to result in deep 385 
hooking (R. Lennox, pers. comm.). However, the species is also widely targeted using 386 
invertebrate baits, where the use of low diameter and low breaking strain lines and 387 
relatively small hooks are necessary for fish capture. Fisheries often mandate the use 388 
of ‘barbless’ hooks to minimise hook damage and enable easier unhooking (Alós et 389 
al., 2008; Cooke and Sneddon, 2007; DuBois and Dubielzig, 2004; Schaeffer and 390 
Hoffman, 2002). Although air exposure may be reduced via aided ease of unhooking, 391 
there is no evidence suggesting their use reduces PRM risk when a fish is hooked in 392 
the oesophagus (Bartholomew and Bohnsack, 2005; Brownscombe et al., 2017; 393 
Muoneke and Childress, 1994). 394 
 395 
A growing body of science on C&R fisheries has led to the recent development of 396 
generic best practice guidance for anglers (Brownscombe et al., 2017). Emerging 397 
initiatives such as ‘Keepemwet Fishing’ (KWF, https://www.keepemwet.org) have 398 
assisted the communication of relevant scientific information to the global 399 
recreational angling community via popular social media platforms (Danylchuk et al., 400 
2018). In the UK, the ‘Grayling Society’, a body promoting T. thymallus angling and 401 
conservation, have already adopted KWF principles. The Society states that KWF 402 
principles should be applied to all T. thymallus fisheries (Grayling Society, 2018). A 403 
feature of this guidance is the minimisation of T. thymallus fight times through the use 404 
of appropriate gear. Here, fight time was a positive influence on elevated blood 405 
glucose levels and its univariate relationship with time to body equilibrium was 406 
significant. These results suggest some potential benefits in minimising fight times. 407 
However, delaying the landing of a fish until it is close to exhaustion not only reduces 408 
handling times but also reduces the risk of light lines breaking, so preventing hooks 409 
being left in lost fish (with hook damage generally being an important PRM predictor; 410 
Alos et al., 2008). There is thus a trade-off between the risk of line breakage and long-411 
term hook damage versus causing elevated stress via prolonged fight times and the 412 
associated extended time required to unhook lively fish. Moreover, in the GLM 413 
testing the effects of water temperature on time to body equilibrium, air exposure was 414 
a significant co-variate but fight time was not. This suggests that minimising air 415 
exposure through reducing fish handling times will have a stronger influence on 416 
reducing reflex impairment than reducing fight times, and it is suggested fishery best 417 
practice schemes initially focus on this. For example, it has been discussed that hook 418 
entanglement in landing nets is a period of additional air exposure. This can 419 
potentially be eliminated by the use of rubberised, large mesh nets, as these can 420 
reduce the risk of hook entanglement and consequent abrasive damage (Lizée et al., 421 
2018). Their mandated use would thus provide benefits to fish welfare and angler 422 
experiences. Best practice measures should also dictate that the angling position must 423 
facilitate quick and easy access for water entry by the angler. This would enable fish 424 
to be unhooked and released with minimal air exposure (e.g. not exceeding an upper 425 
threshold of air exposure of 10 s; Lennox et al., 2016).   426 
 427 
Although minimising air exposure of captured T. thymallus would provide substantial 428 
welfare benefits via reduced secondary and tertiary stress responses, the effects of 429 
high temperature on these responses was highly significant. While C&R fisheries are 430 
often temporarily closed during perceived periods of elevated risk to fish welfare 431 
from C&R, these tend to be mandated closed seasons for protecting spawning 432 
populations (Kubacki et al., 2002), however, temporary closures for high water 433 
temperatures are also mandated in some high value C&R salmonid fisheries (Cooke 434 
and Suski, 2005). The outputs of the current study demonstrate the importance of 435 
raising the awareness of the recreational angling community and fishery managers to 436 
the elevated sensitivity of T. thymallus to C&R derived PRM risk during periods of 437 
elevated water temperature.  438 
 439 
Quantification of PRM in natural fishery scenarios is problematic due to the multiple 440 
challenges associated with tracking the fate of released fish without fish incurring 441 
additional non-capture related stressors (e.g. telemetry tag attachment)  (Cooke et al., 442 
2013). Nevertheless, this study successfully applied reflex impairment and 443 
physiological disruption to demonstrate the elevated sensitivity of T. thymallus to 444 
C&R angling during water temperatures typically experienced at the upper limits of 445 
the species thermal tolerance. These results highlight the potential for future climate 446 
change projections (e.g. elevated summer temperatures that are concomitant with low 447 
flows; Ruiz-Navarro et al., 2016) to exacerbate C&R mediated risks to cold-water 448 
sport fishes more generally. Despite all fish here demonstrating sufficient recovery of 449 
equilibrium to swim away strongly, this was only after the provision of adequate and 450 
extensive post-capture and pre-release care (up to 1440 s duration). While a 451 
proportion of these fish may still have been at risk of delayed PRM through either 452 
hook retention and/or delayed physiological normalisation, fish released prematurely 453 
by anglers would be subject to considerably elevated risk of more immediate PRM. 454 
This risk would be through both an inability to orientate into a recovery position and 455 
through increased susceptibility to predation. The practise of discouraging anglers to 456 
target T. thymallus during periods of high water temperature, combined with 457 
minimisation or elimination of air exposure, have the potential to increase the 458 
resilience of populations to C&R angling exploitation and support the conservation of 459 
this popular sport species. 460 
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Figure captions 608 
 609 
Figure 1. Ambient water temperature recorded in the main channel of the River 610 
Frome during 2016. Red and blue shaded areas represent upper (>15 oC) and lower 611 
(<10 oC) temperature groups respectively. 612 
 613 
Figure 2. Relationships of fish length versus fight time (a) and air exposure (b) at 614 
water temperatures below 10 oC (clear circles) and above 15 oC (filled circles). Lines 615 
are significant relationships between variables according to linear regression, where 616 
straight line represents the relationship above 15 oC and dashed line below 10 oC. 617 
 618 Figure 3. Relationships of fight time (a) and air exposure (b) versus time to body 619 
equilibrium at water temperatures below 10 oC (clear circles) and above 15 oC (filled 620 
circles). Lines are significant relationships between variables according to linear 621 
regression, where straight line represents the relationship above 15 oC and dashed line 622 
below 10 oC. Note a single outlying time to body equilibrium of 1440 s recorded at 623 
above 15 oC is not included on plots, but was used to construct regression lines. 624 
 625 
Figure 4. Mean time to body equilibrium (a), mean blood lactate concentration (b) and 626 
mean blood glucose concentration (c) per water temperature group, where mean 627 
values are adjusted for the effect of fish length, fight time and air exposure as 628 
covariates in general linear models and * difference between the temperature groups 629 
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